A common feature of many skeletal diseases is the accumulation of marrow fat. A reciprocal relationship exists between osteogenesis and adipogenesis in bone marrow that is mediated by the relative activity of PPARγ and RUNX2 transcription factors. The ERK/MAPK pathway is an important inducer of MSC differentiation to osteoblasts and an inhibitor of adipogenesis that functions by phosphorylating RUNX2 and PPARγ. To begin to assess the importance of this regulation in vivo, we examined the consequences of blocking one arm of this pathway, PPARγ S112 phosphorylation, by evaluating the bone phenotype of PPARγ S112A mutant mice. This mutation prevents MAPK phosphorylation and inhibition of PPARγ transcriptional activity. Both male and female PPARγ S112A mice had decreased tibial and vertebral BV/TV and decreased trabecular bone relative to wild type littermates. These results were explained by a decrease in bone formation and osteoblast activity in the absence of changes in resorption. In contrast, marrow adipose tissue, adipocyte markers and serum adiponectin were all dramatically increased. Bone marrow stromal cells isolated from PPARγ S112A mice had elevated PPARγ and preferentially differentiated to adipocytes while total and phosphorylated RUNX2 and osteoblastogenesis were inhibited, indicating that the PPARγ S112A mutation affects bone in a cell autonomous manner. Changes in osteoblast/adipocyte lineage allocation in MSC cultures were also seen where CFU-OBs were reduced with a parallel increase in CFU-AD. This study emphasizes the importance of PPARγ phosphorylation in controlling bone mass and marrow adiposity and demonstrates how a regulatory mutation in PPARγ previously associated with peripheral fat metabolism can have broader effects on bone homeostasis that may in turn affect whole body energy metabolism.
Introduction
In addition to its roles in mineral homeostasis, bone has important functions in energy metabolism. It directly or indirectly responds to major metabolic regulators including insulin, leptin and adiponectin and produces the hormone-like factor, osteocalcin. Bone is also a significant fat repository via marrow adipose tissue (MAT) (for reviews, see [1, 2] ). Although it is the least well-described fat store, MAT may have important functions in energy metabolism. MAT occupies approximately 70% of bone marrow volume in adult humans and in anorexic subjects can represent up to 30% of total body fat (for review, see [3] ). MAT volume increases in a number of skeletal diseases including osteoporosis and disuse osteopenia and there is a strong inverse relationship between bone mass and marrow adiposity [4] [5] [6] [7] [8] . However, the underlying mechanisms controlling MAT formation and related deficits in bone mass under different physiological and pathological conditions are poorly understood. In this communication, we describe a new pathway for controlling MAT and bone mass involving post-translational modification of PPARγ.
In bone marrow, osteoblasts and adipocytes differentiate from a common mesenchymal progenitor [9] [10] [11] . This process is controlled by the relative activity of two key transcription factors, RUNX2 and PPARγ, which are mutually antagonistic. Accordingly, mouse embryo fibroblasts (MEFs) from Runx2-null mice, which are unable to form osteoblasts, preferentially up-regulate PPARγ and differentiate to adipocytes. Conversely, MEFs from Pparg-null animals fail to form adipocytes, but express high levels of RUNX2 and readily differentiate to osteoblasts. Reintroduction of RUNX2 into Runx2 −/− MEFs restores os-expression of PPARγ in Pparg −/− cells restores adipocyte differentiation and suppresses osteoblastogenesis [12, 13] . Major control of RUNX2 and PPARγ activity is provided by ERK/ MAPK-dependent phosphorylation, which is responsive to a range of environmental cues including mechanical loading, extracellular matrix (ECM) composition and stiffness, hormone, growth factor and morphogen stimulation [14] [15] [16] [17] [18] [19] [20] . Phosphorylation of RUNX2 at S301 and S319 stimulates transcriptional activity [21] [22] [23] while S112 phosphorylation of PPARγ is inhibitory [24, 25] . In a recent study, we showed that manipulation of RUNX2 and PPARγ phosphorylation by exogenous overexpression of constitutively-active or dominant-negative forms of the MAPK intermediate, MEK1, could preferentially stimulate osteoblast or adipocyte differentiation, respectively, in mesenchymal cells. Furthermore, prevention of RUNX2 phosphorylation by S301A, S319A mutation inhibited its ability to stimulate osteoblastogenesis and suppress adipogenesis while S112A mutation in PPARγ rendered it resistant to MAPK inhibition, leading to increased adipocyte differentiation and suppression of osteoblast formation [26] .
Taken together, these studies suggest that the relative activity of RUNX2 and PPARγ as determined by their phosphorylation state is able to control overall levels of bone and MAT formation. Here we examine aspects of this hypothesis related to PPARγ phosphorylation in vivo. This was accomplished by examining the bone phenotype of mice harboring an S112A mutation in PPARγ rendering it resistant to MAPK inhibition. Although the metabolic and peripheral fat phenotype of these animals was previously described, MAT and skeletal properties were not examined [27] . As will be shown, bone mass, bone formation and osteoblast differentiation in PPARγ S112A mice are dramatically reduced while MAT and adipocyte differentiation are increased. These results are related to the relative phosphorylation state and activity of PPARγ and RUNX2 and may explain the observed metabolic phenotype of these animals.
Material and methods

Animals
PPARγ S112A mutant mice in a C57BL/6 genetic background [27] were derived from frozen sperm obtained from the Mutant Mouse Regional Resource Center (stock number: 031828-MU). Recovery of this strain by in vitro fertilization was performed at the University of Michigan Transgenic Model Core. PPARγ S112A mutant mice were maintained by breeding with wild type C57BL/6 mice obtained from the Jackson Laboratory. All animal studies were approved by the University of Michigan Committee on the Use and Care of Animals (UCUCA) and conformed to all guidelines and regulations for the protection of animal subjects. Mice were maintained on a standard chow diet and housed in specific pathogen-free AAALACcertified facilities. After genotyping, littermates were assigned to the experimental groups indicated. No genotype-related changes in animal survival were observed.
Micro-computed tomograghy (μCT) analysis of bone
Tibiae and L3 vertebrae were embedded in 1% agarose and placed in a 19 mm diameter tube and scanned over the entire length of the tibiae using a microCT system (μCT100 Scanco Medical, Bassersdorf, Switzerland). Scan settings were: voxel size 12 μm, 70 kVp, 114 μA, 0.5 mm AL filter, and 500 ms integration time. All scans were analyzed using fixed thresholds (180 for trabecular bone and 280 for cortical bone). Trabecular parameters were collected from 50 sections (8 μm/ section) under growth plates of proximal tibia and anterior end of L3 vertebrae. Cortical data were collected from 30 sections above trabecular bone of tibia and fibula junction.
MAT analysis
After microCT scanning and calculation of osseous parameters including total tissue volume of bones (TV), samples were decalcified with 10% ethylenediaminetetraacetic acid. After fixation with 10% neutral buffered formalin for 24 h, the samples were incubated with 1% osmium tetroxide at room temperature for 2 h to stain marrow fat. Osmium staining was measured by microCT [28] . The osmiumstaining volume (OSM), which reflects fat volume, was then calculated and expressed as a fraction of total tissue volume (OSM/TV). Changes in OSM/TV are not necessarily related to marrow adipocyte numbers since adipocyte sizes may vary.
Histomorphometric analysis of bone formation and resorption
For dynamic bone histomorphometry, mice were intraperitoneally injected with 30 mg/kg calcein 9 days prior to sacrifice and then with 10 mg/kg Alizarin Red at 2 days prior to sacrifice. Tibia were harvested and embedded with methyl methacrylate. Six-micron sections were cut using a Leica SM2500 metallurgical cutting system. For the measurement of in vivo osteoclast activity, tibiae were harvested from 12 week old mice. TRAP staining was performed on histological sections using a Sigma Trap staining kit (387-A). The fluorescently-labeled and TRAP stained images were photographed using a Nikon 50i microscope. Histomorphometric parameters for double labels and osteoclast activity were assessed using an OsteoMeasurexp system (OsteoMetrics Inc., GA, USA).
Cell cultures and in vitro differentiation
Primary calvaria osteoblasts and bone marrow stromal cells (BMSCs) were isolated as previously described from 5 month-old male wild type and PPARγ S112A mutant mice [29, 30] . Osteoblast differentiation was induced by growth in α-MEM/10%FBS containing 50 μg/ml ascorbic acid and 10 mM β-glycerophosphate. For adipogenesis, cells were grown for 2 days in alpha-MEM medium containing 10% FBS, insulin (5 μg/ml), dexamethasone (1 μM), IBMX (500 μM) and troglitazone (5 μM), followed by growth in medium containing troglitazone (5 μM) for 9 days. For analysis of BMSC lineage allocation, marrow was plated at a density of 2.5 × 10 5 nucleated cells/cm 2 and fibroblast (CFU-F), osteoblast (CFU-OB) and adipocyte (CFU-AD) colony forming units were measured [31] . For in vitro osteoclast differentiation, bone marrow macrophages were isolated and treated with M-CSF and RANKL [32] . Visualization of mineralization, fat droplet accumulation and osteoclast formation was achieved using Alizarin Red, Oil Red O or TRAP staining, respectively. For measurement of osteoclast induction, cells were stained for TRAP (Sigma staining kit) or grown on BioCoat Osteologic dishes (BD Biosciences) for 3 days before measurement of pit formation. Cell images were taken using an inverted phase contrast microscope (Nikon D300).
ELISA and real time RT-PCR analysis of differentiation markers
Serum was collected from 5 month-old mice. The following serum markers were measured by ELISA: osteocalcin (Biomedical Tech Inc.); CTX-1 and TRAP (Ids, Inc.); Adiponectin and Leptin (Life Technology, Inc.). Total RNA was isolated from bones or tissue cultures using TRIzol reagent (Invitrogen). Reverse transcriptase reactions were conducted with 2 μg of total RNA. TaqMan reverse transcriptase reagents and primers were obtained from Applied Biosystems. PCR was performed using an ABI Prism 7700 sequence detection system using Gapdh mRNA as an internal control.
Quantitation of total and phosphorylated RUNX2 and PPARγ
Western blot analysis was conducted as previously described using total protein extracts from BMSC and calvarial cultures [33] . Blots were probed using the following antibodies: total RUNX2 (MBL, Woburn, MA), S319-P-RUNX2 [33] , total PPARγ and S112-P-PPARγ (Millipore, Billerica, MA). Blots were analyzed on a ChemiDoc Touch imaging system (BioRad).
Statistical analysis
All statistical analyses were performed using SPSS 16.0 Software. Unless indicated otherwise, each reported value is the mean ± S.D. of triplicate independent samples for in vitro cultures or at least 6 animals per group for in vivo studies. Statistical significance was assessed using a one-way analysis of variance.
Results
PPARγ S112A mutant mice have reduced trabecular bone
To determine the in vivo significance of PPARγ S112 phosphorylation in the skeleton, the bone phenotype of 3 and 5 month-old male homozygous PPARγ S112A mice was compared with heterozygote and wild type littermates (Suppl. Fig. 1, Fig. 1 ). Micro-CT analysis of 3 month old homozygous PPARγ S112A tibiae showed an approximately 31% reduction of trabecular bone volume with accompanying reductions in trabecular thickness and increased trabecular space (Suppl. Fig. 1A , C-E) without significantly reducing trabecular number (Suppl. Fig. 1F ) or cortical bone volume (Suppl. Fig. 1B ). In 5 month-old animals, results were even more dramatic with a 43% loss of trabecular bone (Fig. 1A , B) an accompanying reduction in trabecular thickness (Fig. 1C ), but not number (Fig. 1E) , and increased trabecular spacing (Fig. 1D ). Although the reduction in BV/TV in heterozygotes was not statistically significant, effects of a single copy of the mutant PPARγ allele did reach significance for certain parameters such as the reduction in trabecular thickness and levels of Runx2 and Ibsp mRNA extracted from bone. In contrast, cortical bone was not affected under any condition (Fig. 1F ). Significant although somewhat smaller reductions in trabecular bone were also observed in tibiae from 5 month-old female mice (Suppl. Fig. 2 ) as well as L3 vertebrae from 5 month-old males (Suppl. Fig. 3 ).
Bone loss in PPARγ S112A mutant mice is explained by reduced bone formation
To determine the basis for observed changes in bone mass in PPARγ S112A mutant mice, bone formation and osteoclast activity were analyzed in 3 month-old males. Dynamic histomorphometric measurements were made using Calcein and Alizarin Red double labeling. As shown in Fig. 1G-I , mineral apposition and bone formation rates were significantly reduced in homozygous mutant mice (approx. 67% reduction vs. WT). This decrease was accompanied by a large reduction in osteoblast differentiation marker mRNAs extracted from whole bone (Runx2, Ibsp and Bglap2, Fig. 1J-L) . Consistent with the observed decrease in its mRNA, serum BGLAP2 protein levels were also reduced in PPARγ S112A mice (Fig. 1M) .
In addition to functioning in adipose tissue, PPARγ is expressed in osteoclasts where it can stimulate differentiation, particularly after rosiglitazone treatment. Consistent with this role, osteoclast-selective knockout of Pparg was reported to induce osteopetrosis [34] . It is, therefore, possible that some of the bone loss observed in PPARγ S112A mice is explained by increased osteoclastogenesis induced by the more active phosphorylation-deficient PPARγ in these animals. To address this issue, we examined osteoclasts in wild type and PPARγ S112A mutant mice (Suppl. Fig. 4 ). Histological sections of tibia from 3 month-old males were stained for tartrate-resistant acid phosphatase (TRAP) (Suppl. Fig. 4A ) and osteoclast parameters were determined. No significant differences in osteoclast surface, osteoclast number or osteoclast number/osteoclast surface were observed between WT, heterozygotic or homozygotic PPARγ S112A mutant mice (Suppl. Fig. 4B-D) . Consistent with these results, serum ELISA analysis failed to detect any differences in circulating levels of the osteoclast markers, TRAP and Cterminal telopeptide of Type I collagen (CTX-I, Suppl. Fig. 4E, F) .
To examine possible effects of the PPARγ S112A mutation on osteoclast differentiation in vitro, whole bone marrow macrophages were isolated from 12-week-old mice. Osteoclast differentiation was induced by treatment with exogenous M-CSF and RANKL. The number of induced macrophage clones, TRAP positive multinucleated cells and resorption pits formed were similar between WT and PPARγ S112A mice (Suppl. Fig. 4G-K) . Lastly, no differences were noted between WT and mutant cultures when the osteoclast differentiation marker mRNAs, Nfatc1 and Catk were measured (Suppl. Fig. 4L, M) .
Taken together, these results show that PPARγ S112A mutant mice of both sexes have reductions in trabecular bone that are associated with reduced bone formation and osteoblast activity in the absence of changes in osteoclastic resorption.
PPAR-S112A mice have increased marrow adipose tissue
Previous characterization of the peripheral fat phenotype of PPARγ S112A mice failed to detect increases in total white (WAT) or brown adipose tissue (BAT). However, because adipocyte size was reduced, it was determined that the total number of adipocytes was increased [27] . This is consistent with the known ability of the PPARγ S112A mutation to increase transcriptional activity and adipocyte differentiation in mouse embryo fibroblasts cultured from these mice. However, this study did not examine MAT. Changes in marrow fat are of particular interest in view of the recent report that MAT may regulate whole body metabolism by modulating circulating adiponectin [5] . Analysis of MAT in 5 month-old males using osmium staining and μCT imaging revealed dramatic increases in MAT in proximal tibiae of heterozygotic (1.4-fold increase vs. wild type) and, to a greater extent, homozygotic PPARγ S112A mice (3.3-fold increase vs. wild type, Fig. 2 ). These changes were also apparent in histological sections from the same tibial region (Suppl. Fig. 4A ). Consistent with the observed increases in MAT, large increases were also observed in adipocyte differentiation marker mRNAs (Pparg, Cebpa, Fabp4 and Adipoq) in whole bone extracts from heterozygotic and homozygoic PPARγ S112A mice (Fig. 2E-H) . In agreement with a previous report [27] , serum adiponectin protein levels also increased in heterozygous and homozygous PPARγ S112A mice while leptin levels decreased (Fig. 3I, J) . MAT in the distal tibiae of heterozygous and homozygous PPARγ S112A mice was also increased 1.6 and 2-fold, respectively versus wild type (Suppl. Fig. 5 ).
Defective osteoblast differentiation and increased adipogenesis in
BMSCs from PPARγ S112A mice
The skeletal phenotype of PPARγ S112A mice could be explained either by systemic effects of the mutation on bone homeostasis or direct actions on bone cells. Two approaches were taken to determine if the PPARγ S112A mutation affects bone cells in a cell autonomous manner. In the first, BMSCs (adherent cells isolated from tibial marrow that are known to contain MSCs) were isolated from 12 week-old homozygous PPARγ S112A mice or wild type littermates and grown in osteoblast or adipocyte differentiation conditions. Cells from PPARγ S112A mice showed a severe defect in osteoblast differentiation with mineralization and levels of osteoblast marker mRNAs (Runx2, Bglap2 and Ibsp) all being dramatically reduced (Fig. 3A-D) . In contrast, adipogenesis as measured by Oil red O staining of lipid droplets and levels of adipocyte marker mRNAs (Pparg, Cebpa, Adipoq and Fabp4) clearly increased (Fig. 3E-I) .
A second series of studies examined possible changes in lineage allocation of MSCs within the BMSC population using clonal analysis. Equal numbers of nucleated cells from WT and PPARγ S112A mouse marrow were plated at clonal density and ability to form fibroblast (CFU-F), osteoblast (CFU-OB) and adipocyte (CFU-AD) colony forming units was measured (Fig. 3J) . The ability of MSCs to form fibroblast-like colonies was not significantly different between cells from PPARγ S112A and WT animals. However, the phosphorylation site mutation severely restricted the ability of cells to form CFU-OB (approx. 40% inhibition) while simultaneously increasing CFU-AD (75% increase). Therefore, presence of a phosphorylation deficient mutant PPARγ severely restricts the ability of BMSCs to form osteoblasts and this inhibition may be related to a defect in MSC lineage allocation resulting in increased adipogenesis and MAT.
Preferential suppression of RUNX2 and RUNX2 phosphorylation in
BMSCs from PPARγ S112A mice Because both RUNX2 and PPARγ are regulated by MAPK-dependent phosphorylation, we examined effects the PPARγ S112A mutation on total and phosphorylated RUNX2 (S319-P) and PPARγ (S112-P) protein levels during osteoblast and adipocyte differentiation of BMSCs using the same conditions described in Fig. 3 . Total RUNX2 protein levels from both WT and mutant mice gradually increased during growth in osteogenic media, but levels were approximately 25-30% lower in BMSCs from PPARγ S112A mice (Fig. 4A,B) . More dramatic effects of the PPARγ mutation were seen when levels of phosphorylated RUNX2 were examined. Although the P-RUNX2/total RUNX2 ratio increased with time in both WT and mutant cells, phosphorylation was strongly suppressed in the PPARγ mutant (up to 55% inhibition at 3 weeks). This result is consistent with the observed inhibition of osteoblast differentiation in cells from PPARγ S112A mice shown in Fig. 3 .
Conversely, when WT BMSCs were grown under adipogenic conditions, PPARγ-S112 phosphorylation and the P-PPARγ/total PPARγ ratio rapidly declined (Fig. 4C, D) . Consistent with the increased adipogenic activity of PPARγ S112A mutant cells, the differentiationdependent increase in total PPARγ protein levels was greater in BMSCs from PPARγ S112A mice when compared with WT controls.
Defective osteoblast differentiation and paradoxical adipogenesis in calvarial cultures from PPARγ S112A mice
As shown in micro-CT images of skulls (Fig. 5M) , PPARγ S112A mutant mice had hypomineralized fontanelles and modest changes in skull morphology in addition to the above described changes in long bone development. To determine if this reduced mineralization was related to changes in cell differentiation, calvarial osteoblasts were isolated and grown under osteogenic and adipogenic conditions. Consistent with in vivo results, cells from homozygous PPARγ S112A mice exhibited defects in osteoblast differentiation as measured by mineralization after 2 weeks in osteogenic medium (Fig. 5A ) and in the time course of osteoblast marker mRNA expression (Fig. 5B-D) . Interestingly, even though cells were grown in osteogenic medium, we observed spontaneous accumulation of fat droplets in PPARγ S112A cells (Fig. 5E ) as well as elevated levels of adipocyte differentiation markers that persisted throughout the differentiation time course (Fig. 5F-H) . Differences between wild type and PPARγ S112A cells were even greater when cells were grown in adipogenic medium (Fig. 5I-L) . Consistent with the known osteoblast enrichment in calvaria-derived cells, very little oil red O staining was seen in wild type cells and this was accompanied by very weak expression of adipocyte marker mRNAs. In contrast, robust adipocyte differentiation was seen in cells from PPAR S112A mice.
Discussion
MAT has recently become the focus of renewed research interest both because of its possible relationship to skeletal disease and role in systemic metabolism [3] . The molecular signals regulating MAT expansion and contraction and its relationship to bone mass are unknown. On the basis of cell culture studies, we hypothesized that MAPK-dependent phosphorylation of PPARγ and RUNX2 provides an important mechanism for regulating bone or MAT formation and that this is accomplished by controlling the differentiation of marrow MSCs to adipocytes or osteoblasts [26] . Specifically, activation of MAPK in mesenchymal cells was shown to stimulate phosphorylation of PPARγ and RUNX2 leading to reduced adipocyte-specific transcription and differentiation and increased RUNX2 activity and osteoblastogenesis. The phosphorylation state of RUNX2 and PPARγ controlled their ability to both stimulate their respective target genes as well as repress each other's transcriptional activity. Thus, wild type RUNX2 or, to a greater extent, RUNX2 containing phosphomimetic serine to glutamate mutations strongly suppressed PPARγ expression and adipogenesis while a non-phosphorylated RUNX2 mutant had much less activity. Similarly, wild type PPARγ or, to a greater extent, a nonphosphorylated PPARγ mutant that could not be inhibited by MAPK were potent inhibitors of RUNX2 expression and osteoblastogenesis while WT or a phosphomimetic PPARγ mutant were much less active.
The availability of PPARγ S112A mice provided an opportunity to test portions of our hypothesis in vivo by determining whether interference with PPARγ phosphorylation could inhibit RUNX2 activity, bone formation and increase MAT as was seen in cell culture. Because PPARγ cannot be suppressed by phosphorylation in these animals, its adipogenic activity remains unchecked [27] . Consistent with our model, PPARγ S112A mice have clear deficits in tibial and vertebral trabecular bone and increased MAT in proximal and distal tibiae as well as reduced calvarial mineralization. The decreased bone mass was explained by a selective reduction in osteoblast activity and bone formation rate in vivo and inhibition of BMSC osteoblast differentiation and MSC lineage allocation to osteoblasts together with concomitant increases in adipocyte formation (Fig. 3) . Consistent with these changes, total and to a greater extent phosphorylated RUNX2 levels were suppressed in BMSCs from PPARγ S112A mice grown in osteogenic medium (Fig. 4) . The observed reduction in total RUNX2 is consistent with our previous study showing that the phosphorylation-resistant PPARγ mutant can inhibit RUNX2 expression in mesenchymal cell cultures [26] . However, it does not explain why the ratio of P-RUNX2/Total RUNX2 was also reduced. One possibility is that the presence of the mutant PPARγ may restrict access of RUNX2 to P-ERK. As shown in Fig. 5 , PPARγ S112A levels remain elevated even during osteoblast differentiation, likely because the mutant protein cannot be inactivated by phosphorylation. The accumulated PPARγ may sequester P-ERK away from RUNX2, thereby reducing phosphorylation.
Further support for the importance of RUNX2 and PPARγ phosphorylation in the control of bone and MAT comes from our recent study on the phosphoprotein phosphatase, PP5 [35] . This molecule has the unique ability to dephosphorylate both RUNX2-S319-P and PPARγ-S112-P leading to suppression of RUNX2 transcriptional activity and stimulation of PPARγ. Consistent with these actions, mice deficient in PP5 have a phenotype that is the opposite of PPARγ S112A mice with increased bone mass, increased RUNX2 and PPARγ phosphorylation, reduced MAT and preferential MSC lineage allocation to osteoblasts. Interestingly, PP5-deficient mice are also resistant to the negative effects of the PPARγ agonist, rosiglitazone, on bone mass.
Although previous studies indicated that osteoclast-selective knockout of PPARγ is able to induce osteopetrosis [34] , we found no evidence that osteoclast activity was elevated in PPARγ S112A mice or in marrow cultures from these animals. Consistent with this result, the increased bone mass previously observed in heterozygous PPARγ-null mice was also attributed primarily to increased osteoblast activity and bone formation rather than a reduction in osteoclast formation [12] . Our results suggest either that PPARγ phosphorylation is not a significant regulatory mechanism in osteoclasts or that the magnitude of its effects are insignificant compared with the more dramatic effects of mutant PPARγ on osteoblast activity.
Because a global knock-in strategy was used to generate PPARγ S112A mice, the possibility that changes in bone and MAT are indirectly mediated by peripheral tissues rather than reflecting direct effects of the mutation on adipocyte/osteoblast differentiation by BMSCs must be considered. In fact, there is some precedent for peripheral fat having indirect effects on bone. For example, PPARγ hyp/hyp mice contain a hypomorphic mutation in Pparg that causes a selective and dramatic reduction in PPARγ levels in WAT without affecting spleen, bone, bone marrow or hematopoietic progenitors. These mice have very low peripheral fat and increased vertebral trabecular bone [36] . The observed increased bone mass was attributed to the reduced circulating leptin in these animals, which has been proposed to suppress bone formation through an indirect hypothalamic mechanism [37] . Paradoxically, leptin levels also decreased in PPARγ S112A mice together with an increase in adiponectin (Fig. 2J, K ), yet a low bone mass phenotype was observed, which is inconsistent with changes in bone and MAT being related to circulating leptin levels. Also, the observation that BMSCs from PPARγ S112A mice preferentially differentiated to adipocytes at the expense of osteoblasts argues that effects of the PPARγ mutation are cell autonomous and can occur in the absence of systemic, humoral signals.
A number of stimuli alter the osteoblast/adipocyte ratio in bone including skeletal loading, Wnt, PTH and FGF2 signaling [38] [39] [40] [41] . Of these, mechanical loading is of particular interest. For example, exposure to low magnitude mechanical strain in vivo stimulates differentiation of MSCs to osteoblasts and decreases adipogenesis [38] . Also, biaxial mechanical strain or fluid shear loading of MSCs in cell culture inhibits adipocyte differentiation and stimulates osteoblast formation [42] [43] [44] . Conversely, in vivo skeletal unloading stimulates MAT formation while inhibiting bone formation via a PPARγ-dependent pathway [45] . This is similar to the increased marrow adiposity and disuse osteopenia experienced by paraplegics [8] . Mechanical loading stimulates a broad range of signal transduction pathways including integrin-focal adhesion kinase, Wnt/β-catenin, COX2 activation/PGE2 production and Rho/ROCK signaling. Interestingly, all these pathways directly or indirectly affect MAPK. For example, cell stretching or exposure to fluid flow shear stress activates integrin signaling followed by activation of focal adhesion kinase and MAPK [46] . Other loadinginduced signals such as activation of Rho/ROCK and Wnt indirectly activate or are themselves activated by MAPK [47] [48] [49] . Thus, MAPK activation is a common loading-induced signal in bone with potential to stimulate differentiation of marrow cells to osteoblasts and away from adipocytes via phospho-regulation of RUNX2 and PPARγ. Skeletal loading and unloading experiments will be required to determine the degree to which this pathway controls MAT and bone formation in vivo.
A final point for consideration is the relationship between the bone phenotype of PPARγ S112A mice we report and previously characterized metabolic changes in these animals [27] . Similar to our results with BMSCs, MEFs from PPARγ S112A mice show enhanced adipogenic differentiation in culture, but contrary to prediction, mice are not obese, but instead have normal amounts of WAT and BAT. While the number of adipocytes in peripheral fat from PPARγ S112A mice is mildly increased, there is no net change in overall fat mass or distribution because cells are smaller. The PPARγ S112A mutation also does not affect weight gain on normal or high fat diets, food intake or oxygen consumption. Interestingly, mutant mice are resistant to the negative effects of a high fat diet on insulin sensitivity and glucose tolerance and have reduced levels of free fatty acids and triglycerides. These metabolic changes may be related to the observed elevation in circulating adiponectin, which is known to increase insulin sensitivity and fatty acid oxidation [50] . As we recently showed, adiponectin secretion from MAT is greater than from WAT [5] . Furthermore, expansion of total MAT by caloric restriction or cancer therapy is associated with increased adiponectin. It is, therefore, possible that the observed elevation of adiponectin in PPARγ S112A mice is at least in part caused by the expansion of MAT in these animals. If so, this would suggest that manipulation of MAT and bone by regulation of PPARγ and RUNX2 phosphorylation as affected by mechanical loading or other signals is a potential way of controlling insulin sensitivity and systemic metabolism.
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